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1 Introduction 
The production of high quality and well-balanced wines requires a judicious balance 
between the acid, the sugar and the volatile aroma composition. Several factors affect 
the final wine style such as the grape quality and phytosanitary status, the cultivar and 
the microorganisms involved during the vinification process. L-Malic and tartaric acids 
are the most prominent organic acids in wine and play an important role in the vinifica-
tion process, including the organoleptic quality and the microbial, physical and bio-
chemical wine stability (Volschenk et al. 2006). Malolactic fermentation (MLF) in-
duced by lactic acid bacteria (LAB), a secondary fermentation for naturally reducing 
wine acidity, efficiently decreases the acidic taste of wine, improves the microbial sta-
bility and contributes to the flavour profile. However, the phenomenon of delayed or 
sluggish MLF often causes an interruption of the vinification process and still little is 
known about the sensorial contribution by LAB. 
 
1.1 Lactic acid bacteria associated with wine 
The term LAB refers mainly to the characteristic feature of the basal metabolism of 
these bacteria, the fermentation of hexose sugars primarily yielding lactic acid 
(Makarova and Koonin 2007). LAB are Gram-positive, anaerobic to aerotolerant, non-
sporulating, acid tolerant bacteria and include both homofermenters and heteroferment-
ers (Mayo et al. 2008). The homofermenters primarily produce lactic acid, while hetero-
fermenters yield a variety of fermentation by-products, including lactic acid, acetic acid, 
ethanol, carbon dioxide and formic acid (Kleerebezem and Hugenholtz 2003). 
The primary source of their metabolic energy is supplied in the form of ATP by sub-
strate level phosphorylation (Kandler 1983; Konings 1985). LAB are highly demanding 
in terms of the nutritional composition of their growth media. Usually, in addition to 
carbon and energy sources, various amino acids, vitamins, nucleic acids and mineral 
components are required (Konings 2002).  
The bacteria associated with spontaneous MLF in grape wine belong to different genera 
of LAB. They are present in all grape musts and wines (Lafon-Lafourcade et al. 1983). 
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Four genera were identified as the principal organisms involved in the MLF, namely: 
Lactobacillus (Lb.); Leuconostoc (Lc.); Oenococcus (O.) and Pediococcus (P.) (Lon-
vaud-Funel 1999). These genera have the ability to tolerate low pH, high ethanol con-
centration and to grow in wine.  
In particular, O. oeni has especially the ability to adapt well to high ethanol concentra-
tions (up to 15 % v/v), low pH (as low as 2.9) and limited nutrient conditions (Van 
Vuuren and Dicks 1993). These characteristics enable O. oeni to out-compete other po-
tential MLF bacteria during the later stages of vinification and thus dominate in wine 
after alcoholic fermentation (AF), until the end of MLF (Bartowsky 2005). For these 
reasons and for it’s least association with off-flavours or other undesirable metabolites, 
Oenococcus starter cultures are most widely used for winemaking (Mills et al. 2005).  
 
1.2 Climate change-associated effects on LAB 
A variety of factors affect the growth of LAB or their metabolic properties and conse-
quently the timely completion of MLF. These comprise: ethanol content (> 13 % v/v), 
pH (< 3.2), SO2 (> 10 mg/L free SO2, more inhibitory at low pH); temperature (< 18 °C) 
(Henick-Kling 1993; Ribéreau-Gayon et al. 2006), and yeast metabolites (Alexandre et 
al. 2004; Lerm et al. 2010; Nehme et al. 2010). Among the most important climate 
change related effects are increased grape sugar concentrations that lead to high wine 
alcohol levels and lower acidities (Mira de Orduña 2010). MLF may equally be affected 
by high ethanol concentrations and cause stuck or sluggish fermentation which in turn 
compromises the vinification efficiency and wine quality by delaying ageing and stabi-
lisation processes (Lonvaud-Funel 1999). A combination of inhibiting factors may re-
sult not only in difficult MLF in hot climate regions in the future, but also in cool cli-
mate regions where moderately raised ethanol levels may lead to inhibition in conjunc-
tion with low pH values (Mira de Orduña 2010).  
 
1.3 Malolactic activity 
MLF in wine is by definition the enzymatic conversion of L-malic acid (dicarboxylic 
acid) to L-lactic acid (monocarboxylic acid) and carbon dioxide (Henick-Kling 1993), a 
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secondary process which either follows AF of wine or occurs simultaneously. This de-
carboxylation reaction is catalysed by the malolactic enzyme (L-malate: NAD+ carboxy-
lase) (IUC number 1.1.1.38) in the presence of NAD+ and Mn2+ (Kunkee 1991). The 
malolactic enzyme of O. oeni has been genetically characterised by Labarre et al. 
(1996). The mle locus of O. oeni consists of three genes: gene mleA that encodes the 
malolactic enzyme, gene mleP which encodes the malate-permease and the mleR gene, 
which encodes the regulator that activates transcription of the malolactic operon. 
 
1.3.1 Bioenergetical aspects 
O. oeni is well known for its ability to conduct MLF at more acidic pH values. Under 
these acid conditions it maintains a rather constant internal pH of 5.8-6.3 (Salema et al. 
1994). The free energy of the decarboxylation reaction is conserved by a chemiosmotic 
mechanism (Salema et al. 1996b) which depends on an electrogenic malate transport 
(Konings 2002), thereby generating a membrane potential (inside negative) (Salema et 
al. 1994). For each negatively charged mono-protonated malate (Hmalate-) molecule 
that enters the cell and is decarboxylated, one molecule of lactate leaves the cell includ-
ing one proton (H+), which is equivalent to the translocation of one H+ to the external 
environment (Figure 1). This decarboxylation therefore results in the alkalinisation of 
the cytoplasm and the generation of a pH gradient (ΔpH) (Konings 2002). The resultant 
increase in proton motive force can be used by a membrane ATPase to produce ATP at 
low pH (Cox and Henick-Kling 1989), as well as for the uptake of nutrients (Unden and 
Zaunmüller 2009) and to keep suitable internal conditions for enzyme activity and 
growth under conditions of acidic pH as in wine (Salema et al. 1996b). 
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fluidity of the cytoplasmic membrane in O. oeni cells instantaneously increased with the 
addition of ethanol, in a concentration-dependent manner (da Silveira et al. 2004; Chu-
Ky et al. 2005). It was observed, that during cultivation in ethanol, the cells modify the 
composition of fatty acids in the membrane by firstly increasing the proportion of cyclic 
fatty acids (Teixeira et al. 2002) and secondly by increasing the membrane protein / 
phospholipid ratio, to limit the effect of ethanol on lipids (da Silveira et al. 2003).  
Teixeira et al. (2002) demonstrated that O. oeni maintained a high level of phospholipid 
biosynthesis via the relative increased biosynthesis of phosphoethanolamine and sphin-
gomyelin in the presence of ethanol. In addition, ethanol induced an increase in the 
membrane lactobacillic acid percentage, which appeared to be a factor that provides 
protection against the toxic effect of ethanol, balancing the increase of membrane fluid-
ity normally attributed to ethanol (Teixeira et al. 2002). Furthermore, it has been re-
ported that ethanol stressed cells of O. oeni, adjust their membrane permeability during 
ethanol adaption by decreasing fluidity at the lipid water interface (da Silveira et al. 
2004). A combined ethanol and acid shock has been shown to induce strong membrane 
rigidification, indicating a highly disorganised state of the cell membrane (Chu-Ky et al. 
2005).  
Research has shown that membrane disordering resulting from ethanol exposure leads 
to leakage of intracellular compounds, including enzymatic co-factors (NAD / NADH) 
and ions essential for cell growth and fermentation, as well as dissipation of the electro-
chemical gradient across the cytoplasmic membrane (Spano and Massa 2006) resulting 
in less effective energy transduction (Sikkema et al. 1995). An influx of protons can 
then occur which will influence cell processes dependent on the pH gradient such as 
ATP synthesis, transportation of amino acids and L-malate (Guzzo and Desroche 2009).  
Ethanol has therefore a crucial impact on the physiology of cells, because its presence 
generates important modifications that are the basis for adaption of the cells to this 
stress (Guzzo and Desroche 2009). 
Generally, the pH optimum for LAB is close to neutrality (Hutkins and Nannen 1993). 
Some families of LAB such as Lactobacillus and Oenococcus show more acidophilic 
behaviour. During the vinification process, the average pH is between 3.0 and 3.8; at 
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pH values less than 3.0, bacterial growth is very difficult or impossible dependent on 
other physical and chemical factors (Lonvaud-Funel 1995). 
Weak acids have potent protonophor activity, because the undissociated form of weak 
acids pass freely through the cell membrane. In case of an external pH lower than the 
cytoplasmic pH, the weak acids dissociate, releasing a proton and leading to acidifica-
tion of the cytoplasm (Cotter and Hill 2003), thus inhibiting intracellular enzymes and 
proton motive force dependent transport systems (Henick-Kling 1993).  
The activation of MLF to generate a proton motive force so as to maintain the intracel-
lular pH (Salema et al. 1996a; 1996b), has been associated with a possible acidic stress 
response (Tourdot-Marechal et al. 1999; Guzzo et al. 2000). This homeostasis of the 
internal pH is essential for the growth and survival of the cells, as many metabolic 
pathway enzymes function optimally around neutral pH and their activities decrease at 
lower or higher pH values (Konings 2002). In environments with acid pH values, addi-
tional proton removing processes, such as MLF, are therefore needed to maintain the 
internal pH. These activities ultimately result also in an increase of the external pH. An 
additional function of MLF thus lies in preventing acid-killing of the cells by the oppos-
ing effect of the acidification of the external pH (Konings 2002).  
It was observed that sugar utilisation and growth of O. oeni are inhibited by low pH, 
whereas the rate of L-malic acid degradation is highest at low pH (<4.5) (Henick-Kling 
1993). Despite the fact that O. oeni is not able to grow with L-malic acid as the sole car-
bon source, research has indicated that intact cells generate more ATP when grown at 
low pH in the presence of L-malic acid (Cox and Henick-Kling 1989; Cox and Henick-
Kling 1990).  
The pH is therefore an essential factor in wine and has several consequences regarding 
the success of MLF: selection of the best adapted strains; impact on growth rate and 
yield; influence on the malolactic activity; and effect on the substrates transformed. 
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1.4 Timing of bacterial inoculation 
There are different LAB inoculation possibilities, such as simultaneous inoculation of 
yeasts and LAB for alcoholic and malolactic fermentation (co-inoculation), inoculation 
of LAB during AF and inoculation after the completion of AF (sequential inoculation) 
(Davis et al. 1985). Simultaneous inoculation can be an efficient alternative to overcome 
the potential inhibition of LAB, due to high ethanol concentrations and reduced nutrient 
content (Jussier et al. 2006; Zapparoli et al. 2009). Hence, a more successful induction 
of MLF due to a gradual adaption of bacteria to increasing alcohol concentrations and 
due to the benefit from higher nutrient availability present in the must, compared to the 
condition at the end of AF (Rosi et al. 2003). Likewise, simultaneous inoculation of 
musts / wines with high acidity but still low levels of ethanol and higher nutrient con-
centration may help to avoid potential MLF problems. Furthermore it would be benefi-
cial regarding technical aspects. Wines after successful co-inoculation would be imme-
diately ready for downstream treatments, such as racking, fining and sulphur dioxide 
addition, thus increasing microbiological stability and processing efficiency (Jussier et 
al. 2006).  
 
1.5 Yeast-bacteria interactions 
Independently of the LAB inoculation time, the development of undesirable / antagonis-
tic yeast–bacteria-interactions should be considered (Henick-Kling 1995). Alexan-
dre et al. (2004) reviewed the interactions between Saccharomyces cerevisiae and 
O. oeni in wine and reported that yeasts can oppose or stimulate MLF. Therefore, suc-
cessful MLF also will strongly depend on the careful selection of suitable yeast-
bacterium combinations (Alexandre et al. 2004; Jussier et al. 2006).  
Alexandre et al. (2004) proposed that the degree and complexity of these interactions 
are dependent upon three factors, including the yeast/bacteria strain combination, the 
uptake and release of nutrients by yeast, and the ability of the yeast to produce metabo-
lites that are either stimulatory or toxic to the bacterium. The yeast metabolites, summa-
rised in Table 1, comprise medium chain fatty acids (hexanoic, octanoic, decanoic and 
dodecanoic acid), SO2, ethanol as well as metabolites of protein nature and their produc-
tion is affected by yeast strain, medium composition (e.g. degree of clarification of 
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grape must) or winemaking practices (e.g. skin contact, ageing on yeast lees). Both, 
bacterial growth rate and malolactic activity, are influenced by these metabolites, de-
pending on their concentration but also on the pH of the medium (Alexandre et al. 
2004). However, inhibition of these toxics is not only dependent on the yeast strain, but 
also on the bacterial strain, as ethanol or sulphite tolerance for instance, are very differ-
ent among the bacteria species and between strains of the same species (Davis et al. 
1988). In addition, pH will indirectly influence sulphite and ethanol tolerance, resulting 
in synergistic inhibition by low pH, SO2 and ethanol (Britz and Tracey 1990; Guerzoni 
et al. 1995).  
Possible stimulating effects of yeast on LAB growth and MLF may result from protease 
activities, macromolecule (e.g. mannoproteins) production (Guilloux-Benatier et al. 
1995) and autolytic capacity (Patynowski et al. 2002).  
 
Table 1. Yeast metabolites with inhibiting effect on LAB (adapted from Lerm et al. 2010). 
Yeast metabolite  Influence on LAB and/or MLF Reference 
Ethanol Affects growth rate and length of lag 
phase rather than malolactic activity. 
Acts synergistically with low pH. 
Henick-Kling (1993) 
SO2 Inhibitory effect on growth and 
malolactic activity. Acts synergisti-
cally with low pH.  
Wibowo et al. (1985), 
Henick-Kling and Park 
(1994) 
Medium chain fatty acids Affect growth and reduce ability to 
metabolise malic acid. Combination 
of fatty acids causes greater inhibi-
tion than individual compounds. Act 
synergistically with ethanol. 
Lonvaud-Funel 1988,   
Edwards et al. 1990,    
Alexandre et al. (2004) 
Peptides and proteins Affect growth and reduce malolactic 
activity. 
Dick et al. (1992), Mendo-
za et al. (2010), Nehme et 
al. 2010 
 
1.6 Beneficial effects of MLF in wine 
In wine the transformation of malic acid causes a dual effect, the first being the deacidi-
fication by an increase of the initial pH (0.1-0.2 units) and the second being a softening 
of the mouthfeel. The acidic and astringent flavour of the malic acid is replaced by the 
smoother aroma of the lactic acid (Lonvaud-Funel 1999; Bartowsky 2005). Red wine 
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production in both cold and warm climate regions usually involves MLF, naturally or 
induced. Spontaneous MLF occurs less frequently in white wines due to an average 
lower pH of most white cultivars (Volschenk et al. 2006). The rate of malate decarboxy-
lation in wine is directly linked to the cell number of LAB; to specific malolactic activ-
ity (Henick-Kling 1993); to the physiological state of the bacterial cells (Versari et al. 
1999) and to the physico-chemical properties of the wine. A significant rate of MLF is 
not usually observed until the cell density exceeds 106 CFU/mL (Lonvaud-Funel 1995).  
Depending on the initial pH of the must, the degradation of L-malic acid via MLF can 
be either beneficial or negative to wine quality. In low pH wines, generally found in 
cool climate regions, a decrease is favourable for the production of acid-balanced wines 
(Henick-Kling 1995; Lonvaud-Funel 1999). Whereas, in warm climate regions, flavour 
changes from MLF are of more importance than the acid reduction (Henick-Kling and 
Acree 1998). 
 
1.7 Impact of MLF on wine aroma composition 
Although the primary role of LAB is the transformation of L-malic acid, they are also 
involved in the production of other minor, but important, aroma active metabolites 
(Figure 2). Some of these compounds are found in wine at or above their sensory 
threshold and a variety of descriptors, positive and negative, have been listed which 
include buttery, nutty, vanilla (Bartowsky et al. 2002), fruity, reduced vegetative aromas 
(Henick-Kling 1993), acetic and rancid yoghurt amongst others (Palacois 2006).  
Recent research has focused on the organoleptic changes in wine following MLF and 
various studies have shown that numerous individual flavour-active compounds pro-
duced by bacteria contribute to wine aroma changes during MLF (Davis et al. 1985; 
Laurent et al. 1994; Henick-Kling 1995; Lonvaud-Funel et al. 2002). Important aroma 
compounds responsible for MLF flavour characteristics were recently reviewed in detail 
by Lerm et al. (2010). MLF is generally associated with increased concentrations of 
carbonyl compounds (e.g. diacetyl) (Nielsen and Richelieu 1999), ethyl esters, includ-
ing lactic acid ethylester, acetic acid ethylester, hexanoic acid ethylester or octanoic acid 
ethylester (de Revel et al. 1999; Delaquis et al. 2000; Liu 2002, Boido et al. 2009), as 
well as higher levels of succinic acid diethylester, acetic acid phenylethylester or acetic 
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acid 3-methylbutylester (Maicas et al. 1999). Moreover, the release of glycosidically 
bound flavour compounds, such as monoterpenes and C13-norisoprenoids, has been ob-
served in wines after MLF (D'Incecco et al. 2004; Hernandez-Orte et al. 2009).  
Various factors have to be considered when investigating the impact of LAB and MLF 
on the wine volatile aroma composition. The changes of aroma compounds can be af-
fected by the bacterial strain chosen (Versari et al. 1999), the timing of LAB inoculation 
(Bartowsky et al. 2008), as well as the grape cultivar or winemaking practices (e.g. bar-
rel or tank fermentation) (Henick-Kling and Acree 1998; Bartowsky et al. 2009). How-
ever, to date, few of these components and the mechanisms involved in their production 
have been identified. Swiegers et al. (2005) listed the possible pathways by which LAB 
are able to produce volatile compounds by e.g. metabolising grape components (e.g. 
sugars and nitrogen containing compounds) or modifying of yeast derived secondary 
metabolites, such as esters or higher alcohols (Figure 2). Different studies investigated 
the specific biochemical activities of LAB involved in the formation of volatile aroma 
compounds, mostly carbonyl compounds (Bartowsky and Henschke 2004; Saguir et al. 
2009), esters (Matthews et al. 2007; Sumby et al. 2009) or monoterpenes (Bodio et al. 
2002; Ugliano et al. 2003; Barbagallo et al. 2004).  
The following section will focus on the main aroma compounds associated with MLF, 
as well as on some key factors that influence their formation. 
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Figure 2 A schematic representation of the biosynthesis and modulation of flavour-active compounds by 
LAB (reprinted with permission from Swiegers et al. 2005). 
 
1.7.1 Carbonyl compounds 
Among the sensorial changes which originate from LAB during MLF, the carbonyl 
compounds diacetyl, acetoin and 2,3-butandiol are considered to be one of the most 
important flavours. The buttery – diacetyl-attribute, reviewed by Bartowsky and Hen-
schke (2004), has in moderate concentrations (~ 1-4 mg/L) a positive effect on the wine 
bouquet, while at higher concentrations (> 5-7 mg/L) it becomes a defect.  
The formation and degradation of diacetyl is directly related to the growth of LAB and 
the metabolism of sugar, malic acid and citric acid (Swiegers et al. 2005). It is formed 
as an intermediate metabolite in the reductive decarboxylation of pyruvic acid to          
2,3-butanediol (Ramos et al. 1995), and diacetyl is the product resulting from the 
chemical oxidative decarboxylation of α-acetolactate (Bartowsky and Henschke 2004). 
Pyruvic acid is derived from the metabolism of sugar and citric acid, and the formation 
of 2,3-butanediol might contribute to the redox balance of cellular metabolism (Bar-
towsky and Henschke 2004). Due to the fact that diacetyl is chemically unstable, it is 
further reduced to acetoin, which in turn can be reduced to 2,3-butanediol (Bartowsky et 
al. 2002). Maicas et al. (1999) detected decreased concentrations of diacetyl after MLF, 
Introduction 
 
12 
 
but increased concentrations of 2,3-butanediol as a result of enzymatic reduction of di-
acetyl by LAB.  
A variety of factors, including some that the winemaker can control, influence the con-
centration of diacetyl in wine, such as oxygen exposure, fermentation temperature, SO2 
levels, duration of MLF, as well as bacterial strain (Bartowsky and Henschke 2004). An 
important role plays also the rate of MLF. Lower levels of diacetyl and acetoin are pro-
duced at a higher MLF rate. By selecting a bacteria strain that possess the ability to pro-
duce higher concentrations of diacetyl, in conjunction with manipulating the tempera-
ture, SO2 content and lees contact, a winemaker is able to influence the diacetyl content 
according to the style of wine required (Lerm et al. 2010).  
1.7.2 Esters 
Esters are largely responsible for the fruity aroma of wine (Ebeler 2001). These are 
formed when alcohol and carboxylic acid functional groups react, and a water molecule 
is eliminated (Sumby et al. 2010). In wine, esters can be classified into two groups, 
those produced enzymatically and those formed by chemical esterification between al-
cohol and acids at low pH (Margalit 1997). Enzymatic ester synthesis by microorgan-
isms in wine is catalysed by esterases, lipases and by alcohol acetyltransferases and has 
recently been reviewed by Sumby et al. (2010). The two main groups of fermentation-
derived esters that have been associated with wine fruitiness are acetate esters and ethyl 
fatty acid esters (Ugliano and Henschke 2009). The acetate esters are comprised of an 
acid group (acetate) and an alcohol group which is either ethanol or a complex alcohol 
derived from amino acid metabolism (Saerens et al. 2008). Ethyl esters comprise of an 
alcohol group (ethanol) and an acid group (medium-chain fatty acid) (Saerens et al. 
2008).  
Even though the esterase activity of O. oeni is not well documented, it is clear that MLF 
and wine LAB have the ability to alter the ester content of wine. The majority of O. oeni 
and Lactobacillus strains evaluated by Davis et al. (1988) showed esterase activity and 
similarly, all strains screened by Matthews et al. (2006) could hydrolyse esters. More-
over, Matthews et al. (2007) observed that esterases showed greater activity towards 
short-chained esters (C2 to C8) in comparison to long chained esters (C10 to C18). 
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As mentioned before, increases of ester concentrations in wines following MLF, includ-
ing acetic acid ethylester, lactic acid ethylester, succinic acid ethylester, as well as de-
creases in some esters have been documented (Laurent et al. 1994; Maicas et al. 1999; 
Ugliano and Moio 2005; Bartowsky et al. 2008). Indeed, Bartowsky et al. (2008; 2009) 
observed a consistent increase of mostly ethyl esters and a decrease of acetate esters in 
wines following MLF.  
Lactic acid ethylester and succinic acid diethylester are important esters that typically 
play a role in MLF and most of the time show quantitatively the largest concentration 
increase (Maicas et al. 1999; Herjavec et al. 2001; Ugliano and Moio 2005). Lactic acid 
ethylester is associated with an increased mouthfeel of the wines, as well as with its 
contribution to fruity, buttery and creamy aromas (Ugliano and Moio 2005). It is the 
esterification product of lactate, produced by LAB during MLF, and ethanol present as a 
result of AF (Maicas et al. 1999) and its accumulation is dependent on malic acid me-
tabolism (Ugliano and Moio 2005). Succinic acid diethylester arises from esterification 
of succinic acid, a byproduct of microbial α-ketoglutarate metabolism (Radler 1986), 
hence its increase with MLF, together with other related esters such as                            
4-hydroxybutanoic acid ethyl ester (Ugliano and Moio 2005).  
1.7.3 Monoterpenes 
Monoterpenes (e.g. linalool, α-terpineol) are important aroma active compounds, con-
tributing floral, fruity and citrus attributes (Strauss et al. 1986). The release of these 
grape-derived, non-volatile, flavourless and glycosidically-bound aroma compounds can 
be achieved by the action of glycosidase enzymes or via an acid-catalysed process (Ug-
liano 2009). Acid hydrolysis is however fairly slow under typical vinification condi-
tions, and is mainly regarded as a pathway for the formation of the wine ageing bouquet 
(Sefton 1998). On the other hand, the action of glycosidase enzymes can rapidly hydro-
lyse the aroma precursors and release the bound volatile compounds (Günata et al. 
1993). Recent studies reported significant β -glycosidase activities in different O. oeni 
strains in model systems (Grimaldi et al. 2000; Ugliano et al. 2003; D'Incecco et al. 
2004; Grimaldi et al. 2005; Hernandez-Orte et al. 2009) and during red wine production 
(Bodio et al. 2002; Ugliano and Moio 2006). These results suggest that the LAB of wine 
have the potential to hydrolyse glycoconjugates that positively affect the wine aroma. 
However, the latter studies observed that the degree of the release of glycosidically 
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bound aroma compounds tended to be strain- and grape cultivar-dependent, and was 
also influenced by the chemical composition of the medium. 
1.7.4 Volatile sulphur compounds 
Few studies are being undertaken into the specific biochemical activities linked to the 
production of other interesting flavour active compounds. At present, the metabolism of 
sulphur-containing amino acids by wine LAB is not well known. In contrast, this me-
tabolism by dairy LAB is thoroughly documented (Weimer et al. 1999; Seefeldt and 
Weimer 2000; van Kranenburg et al. 2002; Liu et al. 2008). First studies on these meta-
bolic pathways in wine have demonstrated that O. oeni is able to produce, from me-
thionine, different sulphonated components with an organoleptic effect, such as 
methanethiol, methyl disulphide (Rauhut et al. 2008a, 2008b),                            
3-(methylsulphanyl)propan-1-ol and 3-(methylsulfanyl) propionic acid (Pripis-Nicolau 
et al. 2004; Vallet et al. 2008). This latter compound is characterised by ‚chocolate‘ and 
‚roast’ aromas and significantly contributes to the aromatic complexity of red wines 
(Pripis-Nicolau et al. 2004), while the others are more likely to have ‘cooked cabbage’, 
‘onion’ or ‘cauliflower’ odours (Mestres et al. 2000). Vallet et al. (2008) proposed a 
possible pathway by which these compounds are formed by O. oeni and suggested that 
2-oxo-4-(methylthio)butyric acid plays a central role in volatile sulphur compound syn-
thesis. However, no specific enzymes have been identified and characterised yet. The 
formation of volatile sulphur compounds (VSC) plays an important role in the complex-
ity of wine aroma, because of their characteristic odours. Concentrations below or close 
to the threshold will add to complexity, while increased concentration will impart nega-
tive aromas to the wine (Landaud et al. 2008).  
 
For a long time, the only role of LAB in winemaking was thought to be to degrade            
L-malic acid. Evidently, several g/L of L-malic acid are transformed while the other re-
actions merely involve a few mg/L or less of substrates. Chemical as well as sensorial 
analyses have shown that secondary metabolisms occur and positively or negatively 
affect the wine aroma. Yet, it is still not well known which species or strains grow at all, 
or at what time during the vinification process, and in the end which enzymatic activi-
ties they possess and what are the substances produced under certain stress conditions.  
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1.8 Objectives of the study 
The process of MLF in wine and the impact of LAB on the wine aroma is only partially 
understood and difficult to predict.  
The underlying objective of the work was to investigate the impact of partial and com-
plete MLF on the volatile aroma composition of white wines (Riesling and Chardon-
nay). 
The specific aims of this study were as follow: 
• Evaluation of the impact of simulated cool and warm climate stress (pH and al-
cohol) on LAB performance and the volatile aroma composition of white wines; 
• Assessment of the influence of different inoculation strategies of MLF on the 
organoleptic profile of wine and 
• Identification of relevant enzymes in the sulphur metabolism of O. oeni. 
 
The musts and wines used in this study were produced in two climatically different 
wine growing regions, namely Stellenbosch, South Africa and Geisenheim, Germany.  
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Abstract 
BACKGROUND: During malolactic fermentation (MLF), lactic acid bacteria influence 
wine aroma and flavour by the production of volatile metabolites and the modification 
of aroma compounds derived from grapes and yeasts. The present study investigated the 
impact of different MLF inoculation strategies with two different Oenococcus oeni 
strains on cool climate Riesling wines and the volatile wine aroma profile. Four differ-
ent timings were chosen for inoculation with bacteria to conduct MLF in a Riesling 
must / wine with high acidity (pH 2.9 – 3.1).  
 
RESULTS: Treatments with simultaneous inoculation showed a reduced total fermenta-
tion time (alcoholic and malolactic) compared to the sequential inoculations. No nega-
tive impact of simultaneous alcoholic and malolactic fermentation on fermentation suc-
cess and on the final wine volatile aroma composition was observed. Compared to se-
quential inoculation, wines with co-inoculation tended to have higher concentrations of 
ethyl and acetate esters, including acetic acid phenylethylester, acetic acid                       
3-methylbutylester, butyric acid ethylester, lactic acid ethylester and succinic acid di-
ethylester.  
 
CONCLUSION: Applying a co-inoculation protocol may offer microbiological, techno-
logical and sensorial advantages, especially in low-pH, cool-climate white musts with 
potential high alcohol content. 
 
 
 
 
 
 
Keywords: Malolactic fermentation; co-inoculation; low pH wine; Oenococcus oeni; 
volatile aroma 
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INTRODUCTION 
Malolactic fermentation (MLF), the enzymatic decarboxylation of L-malic acid to             
L-lactic acid and carbon dioxide, is the important secondary fermentation conducted by 
lactic acid bacteria (LAB), with Oenococcus oeni being the most tolerant bacterial spe-
cies to the harsh environmental wine conditions and the most desired bacterium to carry 
out this fermentation (Mills et al. 2005; Fugelsang and Edwards 2007). MLF is known 
to improve the wine quality through deacidification, enhancement of microbial stability 
and production of volatile aroma compounds (Davis et al. 1985; Lonvaud-Funel 1999). 
The success is influenced by several oenological parameters, such as pH, temperature, 
alcohol content and sulphur dioxide (SO2) concentration (Lerm et al. 2010). In addition 
to these parameters, the presence of some yeast inhibitory metabolites such as medium 
chain fatty acids (Alexandre et al. 2004) or peptic fractions (Nehme et al. 2010) can 
affect bacterial viability and MLF. Due to these possible antagonistic or undesirable 
interactions between yeast and bacteria, the correct choice and combination of yeast and 
bacterial strains is important for the success of MLF.  
There are different MLF inoculation possibilities, such as simultaneous inoculation for 
alcoholic and malolactic fermentation (co-inoculation) of yeasts and LAB, inoculation 
during alcoholic fermentation (AF) and inoculation after the completion of AF (sequen-
tial inoculation) (Henick-Kling 1993; Fugelsang and Edwards 2007). Simultaneous in-
oculation can be an efficient alternative to overcome potential inhibition of LAB, due to 
high ethanol concentrations and reduced nutrient content (e.g. essential amino acids, 
vitamins or minerals) (Jussier et al. 2006; Zapparoli et al. 2009). Hence, a more success-
ful induction of MLF due to a gradual adaption of bacteria to increasing alcohol concen-
trations and due to the benefit from higher nutrient availability present in the must, 
compared to the condition at the end of AF (Rosi et al. 2003). Likewise, simultaneous 
inoculation of musts or wines with high acidity but still low levels of ethanol and higher 
nutrient concentration may help to avoid potential MLF problems. It also would be 
beneficial regarding technical aspects: wines after successful co-inoculation would be 
immediately ready for downstream treatments, such as racking, fining, and SO2 addi-
tion, thus increasing microbiological stability and processing efficiency (Jussier et al. 
2006). Various studies have been conducted to determine the best moment and condi-
tion for bacterial inoculation (Henick-Kling and Park 1994; Semon et al. 2001; Rosi et 
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al. 2003; Jussier et al. 2006; Massera et al. 2009). Jussier et al. (2006) and Massera et al. 
(2009) observed no negative effects on fermentation success and kinetics, linked with 
simultaneous inoculation, compared to sequential inoculation and no difference in the 
final quality of Chardonnay and Malbec wines. The results pointed out the reduction of 
total fermentation time and a better control of MLF. Rosi et al. (2003) observed that pH 
and timing of bacterial inoculation were critical to how fast MLF starts. Low pH in a 
commercial white grape juice had a negative effect on bacterial viability; additionally 
inoculation halfway through AF caused a bacterial reduction (Rosi et al. 2003). 
Most of these studies have concentrated on the microbial interactions, bacterial viabil-
ity, and only a few wine parameters, such as sugar, malic, citric or acetic acid levels. 
During co-inoculation, the simultaneous metabolism of glucose and citric acid by 
O. oeni could result in higher acetic acid concentrations (Davis et al. 1985; Liu 2002). It 
has also been observed, that wines that have undergone simultaneous AF/MLF tend to 
be less buttery and are fruitier with slightly higher but sensorial insignificant levels of 
acetic acid (Henick-Kling 1993; Bartowsky et al. 2002; Jussier et al. 2006; Krieger 
2006; Massera et al. 2009). However, little is known about the influence of the LAB 
inoculation timing on the volatile aroma composition of the wine, especially in cool 
climate Riesling wines. 
The bacterial strain, metabolic activity, as well as the kinetics of MLF, will influence 
the sensory profile of the wine linked to the vinification techniques, the physical and 
chemical composition of the wine. Research, mostly carried out in synthetic wine model 
solutions, Chardonnay or red wines (e.g. Merlot, Cabernet Sauvignon, Tannat), has 
shown that LAB have the potential to alter the aroma profile of wine by the production 
of volatile secondary metabolites or the modification of grape and yeast derived me-
tabolites including ethyl esters, acetate esters, acids and alcohols (de Revel et al. 1999; 
Lonvaud-Funel 1999; Maicas et al. 1999; Hernandez-Orte et al. 2009; Bartowsky et al. 
2010). Many of these alterations are strain dependent, however the vinification tech-
nique can also affect the final wine aroma profile and these flavour impacts of individ-
ual bacterial strains are also of great interest for winemakers.  
Due to the fact that induced MLF is often difficult to achieve in wines with high acidity, 
the development of strategies to favour a biological deacidification of low pH wines is 
important to prevent sluggish or stuck fermentation. The present study investigated the 
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impact of different inoculation scenarios with two different O. oeni strains on the kinet-
ics of MLF in low pH Riesling must and wine and its effect on the volatile wine aroma 
profile. Four different timings were chosen for inoculation with bacteria to conduct 
MLF. A cool-climate Riesling was chosen as a typical example of a white wine with 
high acidity.  
 
MATERIALS AND METHODS 
Bacterial strains, media and growth conditions 
The O. oeni strains R1105 and R1124 (Lallemand, Toulouse, France) were obtained as 
freeze dried cultures. MRS-T agar (MRS agar containing 10 % tomato juice, pH 5) was 
used for bacterial growth determination. The medium contained 50 mg L-1 Actistab 
(DSM Food Specalities Dairy Ingredients, Delft, The Netherlands) dissolved in ethanol 
which inhibited moulds and yeasts. The bacterial cell numbers were determined weekly 
during MLF. Plates were incubated anaerobically at 30°C for 7 days. Colony counts 
were carried out and reported as colony-forming units per mL (CFU mL-1). 
 
Micro-vinification 
Riesling grapes from the Rheingau wine region (Germany) were harvested during the 
2010 season. The grapes were destemmed and crushed and a standard addition of 
30 mg L-1 sulphite (in form of potassium bisulphite) was added. The must was then set-
tled over night and pasteurised at 82°C for 20 s. The chemical composition of the must 
is shown in Table 1.  
 
 
Wine pH Acetic acid 
(g L-1)
Total acidity
(g L-1)
Malic acid 
(g L-1)
Lactic acid 
(g L-1)
Total sugar
 (g L-1)
Ethanol 
(% v/v)
Must 3.1 n.q.a 15 6.5 n.q. 218.1 n.d.b
40% of AF 2.9 0.5 14.1 6 n.q. 124.9 5.4
60% of AF 3 0.6 13.9 5.9 n.q. 108.4 6.4
End AF 3.1 0.8 11.8 5.3 n.q. 1.5 13.1
an.q., not quantifiable (limit of quantification 0.1 g L-1)
bn.d., not detected.
Table 1. Analytical parameters of the initial must and the wines at 40%, 60% of AF and after completion of AF (EndAF)
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After the pH had been adjusted to 3.1 with 5 M NaOH, the must was inoculated with the 
yeast strain Uvaferm GHM® (Lallemand, Germany) in combination with two different 
LAB starter cultures and four different inoculation strategies, namely (A) inoculation of 
LAB starter cultures 24 h after yeast addition; (B) inoculation at 40 % of AF; (C) inocu-
lation at 60 % of AF and (D) inoculation after the completion of AF (residual sugar 
< 5 g L-1). The yeast was rehydrated beforehand using Go-Ferm® (Lallemand, Ger-
many) according to the manufactures recommendations. Both O. oeni strains (R1105, 
R1124) were rehydrated and pre-acclimatised using the 1-Step® protocol (Lallemand) 
following the manufactures instructions. Both, yeast and bacterial strains were inocu-
lated with approximately 106 CFU mL-1. All fermentations were carried out in green 2 L 
bottles in triplicate at 20°C. The wine with sequential MLF was racked at the end of AF, 
divided into the 2 L bottles and then inoculated with the bacterial strains. 
Alcoholic fermentation was monitored by sugar depletion. The wines were considered 
to be dry and AF concluded when the reducing sugar level was below 5 g L-1. MLF was 
monitored by malic acid degradation and lactic acid production. MLF was considered 
complete when malic acid concentration was less than 0.2 g L-1. To each wine sample, 
80 mg L-1 of sulphite were added immediately upon completion of MLF. All samples 
were cold stabilised at 4°C and bottled without filtration and without prior addition of 
further fining agents.  
 
Analysis of must and wine for organic acids 
Must was analysed before inoculation and samples were collected during and after AF 
and MLF for organic acids (tartaric acid, malic acid, lactic acid, acetic acid and citric 
acid) using high performance liquid chromatography (HPLC). HPLC analysis was per-
formed according to Schneider et al. (1987) with following modifications: 5 µL of sam-
ple were injected into the Agilent Technologies 1100 series liquid chromatograph 
equipped with a multiwavelength detector (MWD) and analysed using an Allure® Or-
ganic Acid column (250mm x 4.6 mm inside diameter) (Restek GmbH, Bad Homburg, 
Germany) with a Security Guard™ Cartridge C18 4 x 3 mm (Phenomenex, Aschaffen-
burg, Germany). The eluent was distilled water with 0.0139 % sulphuric acid and 0.5 % 
ethanol. The column was operated at 46 °C with an eluent flow rate at 0.6 mL/min. 
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Eluting compounds were detected by UV absorbance at 210 nm. Citric acid was also 
measured enzymatically (Boehringer, Mannheim, Germany). Must components are re-
ported as a single value without standard deviation. All other analyses are reported as 
the means of three determinations (one for each trial carried out in triplicate). 
 
Gas chromatography - mass spectrometry (GC-MS) Analysis for volatile aroma 
compounds 
Higher alcohols, esters, volatile fatty acids and terpenes were analysed using GC-MS. 
The analysis was performed using a GC Hewlett Packard (HP) 5890 Series II (Agilent, 
Santa Clara, USA), coupled to a 5972 HP Mass Selective Detector (Agilent). The GC 
was fitted with a cooled injection system (CIS 3) (Gerstel GmbH, Mülheim, Germany). 
Compounds were separated on a Varian VF-5MS column (Palo Alto, USA) with dimen-
sions of 60 m x 0.32 mm x 1 μm. Analysis was done according to Rapp et al. (1994), 
modified by Fischer and Rauhut (2005, unpublished) with the following conditions: 
injection was splitless (1 min) with the injector start temperature of 30°C and then in-
creased to 230°C at 12°C/min, and held for 4 min. The initial oven temperature was 40 
°C, held for 5 min, then increased to 125 °C at 3 °C/min, further increased to 200 °C at 
6 °C/min and held for 14.2 min. Helium was used as carrier gas at a constant flow rate 
(1 mL/min). The mass spectrometer was set to scan mode, covering a mass-to-charge 
ratio range (m/z) from 35 to 250 atomic mass units (amu). The temperature of the MS 
was set to 180°C, respectively.  
 
Data analysis 
Data was subjected to one-way analysis of variance (ANOVA) followed by Tukey's 
studentised range (HSD) test to determine whether significant differences between the 
samples existed, using the SAS Enterprise Guide 4.1 (version 9.1.3, Procedure PROC 
GLM, SAS Institute, Germany). Differences between samples with a significance level 
of 5% (p≤ 0.05) were considered as significant. Multivariate data analysis techniques 
were used to obtain a more comprehensible overview of the volatile aroma compounds 
and to investigate possible correlations amongst the analytes (Naes et al. 2002). Princi-
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pal component analysis (PCA) was performed using The Unscrambler software (version 
9.2.1, Camo ASA, Norway). 
 
RESULTS 
Two O. oeni strains and four different MLF inoculation scenarios were evaluated in a 
cool climate Riesling must fermented with one yeast strain.  
 
Impact on alcoholic fermentation 
Alcoholic fermentation was completed in 13 or 14 days in all experiments independ-
ently of the timing of bacterial inoculation at 24 h, 40% (day 2) and 60% (day 3) of the 
AF (Figure 1). The wine inoculated with LAB after completion of AF (EndAF), took as 
long for the AF as the other treatments inoculated simultaneously. The analytical pa-
rameters of the experimental wines at 40%, 60% of AF and after completion of AF are 
shown in Table 1. 
 
Figure 1. Average alcoholic fermentation process of the treatments with bacterial inoculation at 24h, 40% 
(day 2) and 60% (day 3) of AF. 
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Effect of bacterial inoculation timing on MLF 
Treatments with simultaneous inoculation showed a reduced total fermentation time 
(AF+MLF) compared to the sequential inoculations. Only, in the 24h treatment inocu-
lated with R1124 the length of MLF itself in was longer than its respective sequential 
treatment.  
The 24 h treatment was inoculated for MLF at day one of AF, the 40% treatment at day 
two and the 60% treatment at day three of AF. The 24 h treatment inoculated with 
O. oeni R1105 took 49 days to complete MLF. O. oeni R1124 took 77 days. The 40 % 
treatment inoculated with O. oeni R1105 took 62 days to conduct MLF and O. oeni 
R1124 68 days. In the 60 % treatment MLF was completed in 49 days (Figure 2 and 3). 
The sequential inoculations concluded MLF in 70 to 84 days (Figure 4). 
When bacteria were inoculated after 24h and at 60% of AF, the malic acid decrease be-
gan between day 8 and 15 of AF. The population of O. oeni R1105 dropped to 
105 CFU mL-1 at both inoculation times. The population of R1124 decreased as low as 
103 CFU mL-1 in the 24 h treatment and to 104 CFU mL-1 in the 60 % treatment. When 
bacteria were inoculated at 40% of AF, the population of both strains dropped to 
104 CFU mL-1 and it took 14 to 18 days till malic acid decrease started. From the ana-
lytical data recorded in Table 1 it is evident that at 40% of AF the pH was lower com-
pared to the initial value and at 60% of AF. In the wines with sequential inoculation the 
bacterial population dropped to 103 CFU mL-1 and malic acid degradation commenced 
after approximately 18 days. 
 
Figure 2. Cell numbers (CFU mL-1) of O. oeni R1105 (open symbols) and mean values and standard 
deviation of L-malic acid concentration (filled symbols). Arrow indicates end of AF. 
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Figure 3. Cell numbers (CFU) of O. oeni R1124 (open symbols) and mean values and standard deviation 
of L-malic acid concentration (filled symbols). Arrow indicates end of AF. 
 
 
 
Figure 4. Cell numbers (CFU) of O. oeni R1105 and R1124 (open symbols) and mean values and 
standard deviation of L-malic acid concentration (filled symbols) during malolactic fermenation in the 
treatment with sequential MLF inoculation.  
 
 
The volatile acidity increased to 0.6 – 0.7 g L-1 after MLF. However, the concentration 
in the fermenting musts before inoculation with O. oeni was already 0.5 - 0.6 g L-1 and 
in the wine at the end of AF 0.8 g L-1 (Table 1, 2). 
The citric acid, initially present in the grape juice at concentration of 0.25 g L-1, was 
completely utilized by O. oeni R1124 in all treatments. O. oeni R1105 only partially 
degraded citric acid in all treatments (Table 2). 
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Modification of free volatile aroma compounds by MLF 
Various volatile components, including alcohols, esters and acids were identified and 
quantified. A one way analysis of variance as well as PCA were performed in order to 
observe underlying trends in the data and to obtain more information about variations in 
wine composition as a result of different bacterial strains and to compare the influence 
of the different inoculation timings on the volatile aroma composition. Table 3 lists 
concentrations of the volatile compounds determined in the wines after alcoholic fer-
mentation and mean values of these compounds after MLF. Alphabetical letters indicate 
significant differences among the mean values obtained for each strain that performed 
MLF. Results show that MLF and inoculation timing as well as bacterial strains caused 
different and significant changes in the volatile aroma composition of the wines.  
 
Higher alcohols 
The concentration of total higher alcohols increased in most treatments after MLF ex-
cept in the treatment inoculated after 24 h with R1105 and the treatment inoculated at 
60 % of AF with R1124. The content of hexanol, 3-methylbutanol and 2-phenylethanol 
increased while the concentration of 2-methylbutanol decreased after MLF. 
 
Esters 
The content of all acetate esters, except for acetic acid ethylester, decreased after MLF 
in all treatments. Compared to the co-inoculation, the treatments with sequential inocu-
lation had the lowest concentration of acetic acid phenylethylester (floral, fruity aroma) 
and acetic acid 3-methylbutylester (banana odour). Moreover, in the wines fermented 
with O. oeni R1105, higher concentrations of acetic acid 2-methylbutylester and acetic 
acid 3-methylbutylester were detected.  
24h 40% 60% AFEnd 24h 40% 60% AFEnd
Acetic acid 0.61 ± 0.02 0.61 ± 0.01 0.66 ± 0.04 0.73 ± 0.02 0.66 ± 0.01 0.66 ± 0.03 0.68 ± 0.04 0.77 ± 0.01
Citric acid 0.14 ± 0.02 0.15 ± 0.03 0.17 ± 0.01 0.11 ± 0.01 n.q.a n.q. n.q. n.q.
an.q., not quantifiable (limit of quantification 0.1 g L-1)
R1105 R1124
Table 2. Concentration (g L-1) of acetic acid and citric acid in the wines after MLF
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Quantitatively, levels of short–chain esters such as lactic acid ethylester (milky notes, 
strawberry), succinic acid diethylester (fruity) and acetic acid ethylester (fruity) were 
the esters with the main concentration increases during MLF. The treatments with se-
quential inoculation had the lowest concentration of lactic acid ethylester and succinic 
acid diethylester, but the highest content of acetic acid ethylester. These compounds 
were also affected by the bacterial strain. Strain R1105 showed largest increase in lactic 
acid ethylester and acetic acid ethylester, while the wines inoculated with R1124 at 24h 
and 40 % of AF the highest content of succinic acid diethylester was detected.  
The content of the fruity ethylesters propionic acid ethylester, i-butyric acid ethylester 
and butyric acid ethylester increased significantly in all wines after MLF. In the wines 
with sequential MLF the highest concentration of propionic acid ethylester and i-butyric 
acid ethylester was noted while the butyric acid ethylester showed the lowest increase 
compared to the wines with simultaneous inoculation. In addition, bacterial strain dif-
ferences were observed. O. oeni R1105 tended to produce higher concentrations of ethyl 
esters (Figure 5). 
A decrease of the longer chained esters, such as hexanoic-, octanoic- and decanoic acid 
ethylester, was observed in most wines after MLF. An higher content of hexanoic acid 
ethylester (green apple) was noted in the wines fermented with R1105. 
 
 Figure 5 a. Changes in the esters profiles (µg L-1) associated with MLF by bacterial starter culture 
O. oeni R1105 in the co-inoculation (24h) and sequential MLF (AFEnd) treatments. 
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Figure 5 b. Changes in the esters profiles (µg L-1) associated with MLF by bacterial starter culture 
O. oeni R1124 in the co-inoculation (24h) and sequential MLF (AFEnd) treatments.  
 
Figure 6 illustrates the concentration of total ethyl esters (without lactic acid ethylester) 
and the concentration of total acetate esters (without acetic acid ethylester) in the wines 
after MLF. 
 
           
Figure 6 a. Average concentrations of total ethyl esters (without lactic acid ethylester) and the concentra-
tion of total acetate esters (without acetic acid ethylester) at the end of MLF in wines inoculated with 
O. oeni R1105.  
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Figure 6 b. Average concentrations of total ethyl esters (without lactic acid ethylester) and the concentra-
tion of total acetate esters (without acetic acid ethylester) at the end of MLF in wines inoculated with 
O. oeni R1124.  
 
 
Acids 
Volatile fatty acids such as hexanoic and decanoic acid, generally increased in all the 
wines once MLF had finished while the content of octanoic acid decreased. The lowest 
concentration of hexanoic acid was found in the wines with sequential inoculation.  
 
Terpenols 
A raise of the concentration of the terpenols trans-linalool oxide, cis-linalool oxide, li-
nalool and α-terpineol was observed in all wines after MLF. The wines with sequential 
MLF had the highest content of trans-linalool oxide, cis-linalool oxide and α-terpineol 
and total terpenols (Figure 7). 
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Figure 7. Changes in the terpenols profiles (µg L-1) associated with MLF by O. oeni R1105 in the co-
inoculation (24h) and sequential MLF (AFEnd) treatments. Similar data was obtained for O. oeni R1124 
(Table 3). 
 
 
Multivariate data analysis 
As an overview of the results, a principal component analysis (PCA) of the volatile 
aroma compounds of the wines was performed. 81 % of the variance was explained by 
the first two principal components. As shown in Figure 8, these PCA’s separated the 
samples according to inoculation time. Moreover, the treatments inoculated for MLF at 
24h and 40 % of AF could be further separated according to the bacterial strain used. 
Also the wine without MLF is clearly distinguishable from the wines with MLF. On the 
score plot separation along PC1 was associated with discrimination of treatments inocu-
lated at 40 % of AF and at 24h with R1124 from the treatments inoculated at 60 % of 
AF, at the end of AF and at 24h with R1105. Loadings for succinic acid diethylester 
were correlated with treatments inoculated at 40 % of AF and at 24h with R1124, while 
loadings for acetic acid 3-methylbutylester were correlated with the inoculation at 24 h 
with R1105. 
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Discussion 
Successful MLF in cool climate Riesling wines is often difficult to achieve. This study 
has verified the feasibility of simultaneous inoculation in low pH wines with two suit-
able yeast-bacterium combinations. The results shown here point out that it is possible 
to inoculate the bacterial culture at different timings of AF without, on the one hand, 
inhibiting AF or, on the other hand, causing failure of MLF. However, pH values and 
timing of bacterial inoculation were shown to be important for how rapidly MLF com-
mences. These results are in agreement with a previous study (Rosi et al. 2003), carried 
out in a commercial white grape juice, reporting the possible inoculation with LAB at 
the beginning, middle, and end of AF without slowing down or inhibiting AF or causing 
failure of MLF. Yet, at pH 3.2 a lowering of bacterial viability was observed (Rosi et al. 
2003). In the present study, the co-inoculation at 40 % of AF seemed to be the inhibito-
riest time for malolactic bacteria to start MLF. At this time the pH of the medium was 
2.9 which can be associated with production of acids by yeast metabolism. These find-
ings were also noted by Rosi et al. (2003), when bacteria were inoculated halfway 
through AF. On the other hand, when MLF was carried out at the end of AF, the ethanol 
content displayed an additional inhibiting factor which delayed the beginning of MLF. 
Generally, a reduction in total fermentation time was observed when using simultaneous 
inoculation techniques compared to traditional sequential MLF. The time gained was 
ranging between 25 and 50 days, depending on the bacterial strain and inoculation time 
used. This represents an important advantage for the wineries regarding the process ef-
ficiency. However, when O. oeni R1124 was used, the length of MLF itself in the 
treatments with simultaneous inoculation was similar or longer than their respective 
sequential treatment. O. oeni R1105, on the other hand, carried out MLF faster in the 
simultaneous treatments than in the consecutive ones and was generally less inhibited 
by the low pH than R1124. O. oeni R1124 seems to be better suited for a sequential 
MLF, while strain R1105 can be used for both, co-inoculation and sequential MLF. The 
same strain tendencies were observed in other studies done in red wine (personal com-
munication Krieger-Weber, 2011). 
 
The benefits and risks of sequential and simultaneous AF / MLF remain controversial. 
In this study no negative effect on final wine quality could be substantiated. It was sug-
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gested that simultaneous inoculation of yeast and bacteria could result in increased con-
centration of acetic acid produced by LAB in the presence of available sugars in the 
must (Davis et al. 1985). In the co-inoculation treatments, levels of acetic acid never 
exceeded 0.7 g L-1, considering that the wines without bacterial inoculation contained 
levels between 0.5 and 0.8 g L-1. It can be assumed that in none of the simultaneous 
fermentations the bacteria produced worrisome levels of acetic acid from sugar and that 
the yeast metabolism contributed to the elevated acetic acid levels. Thus confirming 
results of other studies (Semon et al. 2001; Jussier et al. 2006; Massera et al. 2009), 
demonstrating the possibility of simultaneous fermentation without excessive increase 
of volatile acidity. Little is known about the impact of simultaneous inoculation on the 
production of volatile aroma compounds. All acetate esters, except acetic acid ethyles-
ter, decreased following MLF, while the ethyl esters increased. This is in accordance 
with previous studies on sequential MLF in red wines (Ugliano and Moio 2005; Bar-
towsky et al. 2008). Based on sensorial data, it was suggested that Chardonnay, Malbec 
and Shiraz wines fermented with co-inoculation tend to be fruitier than the wines with 
sequential inoculation (Bartowsky et al. 2002; Jussier et al. 2006; Massera et al. 2009). 
In this study the Riesling wines with sequential MLF had the lowest concentration of 
acetate esters and ethyl esters, most notably due to lower concentrations of acetic acid 
phenylethylester, acetic acid 3-methylbutylester, butyric acid ethylester, lactic acid 
ethylester and succinic acid diethylester. This might potentially result in decreased 
fruitiness in wines with consecutive MLF. The wines with the 24 h inoculation, on the 
other hand, had the highest concentration of fruity ethyl esters. In addition, changes in 
the ester concentrations were also affected by the bacterial strain used. O. oeni R1105 
seemed to produce higher concentrations of various fruity esters, such as propionic acid 
ethylester, butyric acid ethylester or lactic acid ethylester, associated with fruitiness, 
milky notes and mouthfeel, respectively. Increased concentration of these or other esters 
and strain dependency was also observed by others (Maicas et al. 1999; Pozo-Bayón et 
al. 2005; Ugliano and Moio 2005; Boido et al. 2009). Comparison of fermentation-
derived compounds from treatments with simultaneous and sequentially inoculated 
MLF, has illustrated that the profiles of the wines produced, were very different as a 
result of the MLF inoculation regime and O. oeni strain. The profiles of fermentation-
derived compounds of the wines that conducted MLF are clearly distinguishable from 
those that did not. In addition, wines with complete MLF could be clearly separated 
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according to inoculation timing and distinguished from the wine without MLF. Also, 
the treatments inoculated for MLF at 24 h and 40 % of AF could be further separated 
according to bacterial strain used.  
In conclusion, to our knowledge, for the first time the impact of different bacterial in-
oculation timings on the MLF performance and on the production of volatile aroma 
compounds in low pH Riesling must was accomplished. No negative impact of simulta-
neous AF / MLF on the fermentation success and on the final wine quality was ob-
served. It was demonstrated that inoculation timing and the bacterial strain used can 
affect the outcome of the final volatile aroma composition of the wine. Applying a co-
inoculation protocol may offer microbiological, technological and sensorial advantages, 
especially in low-pH, cool-climate white musts with potential high alcohol content. 
However, the success of simultaneous vinification will also depend on the selection of 
suitable yeast-bacterium combinations (Alexandre et al. 2004). 
 
ACKNOWLEDGEMENT  
We wish to thank Anna Dalljo for her technical assistance. 
 
REFERENCES 
1. Fugelsang KC and Edwards CG, Eds., Wine Microbiology. Springer Sci-
ence+Business Media, New York (2007). 
2. Mills DA, Rawsthorne H, Parker C, Tamir D and Makarova K, Genomic analy-
sis of Oenococcus oeni PSU-1 and its relevance to winemaking. FEMS Microbiol Rev 
29:465-475 (2005). 
3. Davis CR, Wibowo D, Eschenbruch R, Lee TH and Fleet GH, Practical implica-
tions of malolactic fermentation: A review. Am J Enol Vitic 36:290-301 (1985). 
4. Lonvaud-Funel A, Lactic acid bacteria in the quality improvement and deprecia-
tion of wine. Antonie Van Leeuwenhoek 76:317-331 (1999). 
5. Lerm E, Engelbrecht L and du Toit M, Malolactic fermentation: The ABC's of 
MLF. S Afr J Enol Vitic 31:186-212 (2010). 
Publications 
 
49 
 
6. Alexandre H, Costello PJ, Remize F, Guzzo J and Guilloux-Benatier M, Sac-
charomyces cerevisiae-Oenococcus oeni interactions in wine: current knowledge and 
perspectives. Int J Food Microbiol 93:141-154 (2004). 
7. Nehme N, Mathieu F and Taillandier P, Impact of the co-culture of Saccharo-
myces cerevisiae-Oenococcus oeni on malolactic fermentation and partial characteriza-
tion of a yeast-derived inhibitory peptidic fraction. Food Microbiol 27:150-157 (2010). 
8. Henick-Kling T, Malolactic fermentation, in Wine Microbiology and Biotech-
nology, ed. by Fleet GH. Harwood Academic Publishers, Chur Switzerland, pp 286-326 
(1993). 
9. Jussier D, Dube Morneau A and Mira de Orduna R, Effect of simultaneous in-
oculation with yeast and bacteria on fermentation kinetics and key wine parameters of 
cool-climate Chardonnay. Appl Environ Microbiol 72:221-227 (2006). 
10. Zapparoli G, Tosi E, Azzolini M, Vagnoli P and Krieger S, Bacterial inoculation 
strategies for the achievement of malolactic fermentation in high-alcohol wines. S Afr J 
Enol Vitic 30:49-55 (2009). 
11. Rosi I, Fia G and Canuti V, Influence of different pH values and inoculation 
time on the growth and malolatic activity of a strain of Oenococcus oeni. Aust J Grape 
Wine Res 9:194-199 (2003). 
12. Massera A, Soria A, Catania C, Krieger S and Combina M, Simultaneous inocu-
lation of Malbec (Vitis vinifera) musts with yeast and bacteria: effects on fermentation 
performance, sensory and sanitary attributes of wines. Wine, Food Technol Biotechnol 
47:192-201 (2009). 
13. Semon MJ, Edwards CG, Forsyth D and Dinn C, Inducing malolactic fermenta-
tion in Chardonnay musts and wines using different strains of Oenococcus oeni. Aust J 
Grape Wine Res 7:52-59 (2001). 
14. Henick-Kling T and Park YH, Considerations for the use of yeast and bacterial 
starter cultures: SO2 and timing of inoculation. Am J Enol Vitic 45:464-469 (1994). 
15. Liu SQ, Malolactic fermentation in wine - beyond deacidification. J Appl Mi-
crobiol 92:589-601 (2002). 
Publications 
 
50 
 
16. Bartowsky EJ, Costello PJ and Henschke PA, Management of malolactic fer-
mentation - wine flavour manipulation. Aust NZ Grapegrow Winemak 461:7-8 and 10-
12 (2002). 
17. Krieger S, Determining when to add malolactic bacteria, in Malolactic fermenta-
tion in wine - understanding the science and the practice, ed. by Morenzoni R. Lalle-
mand, Montréal, Canada, pp 12.01 -12.10 (2006). 
18. de Revel G, Martin N, Pripis-Nicolau L, Lonvaud-Funel A and Bertrand A, Con-
tribution to the knowledge of malolactic fermentation influence on wine aroma. J Agric 
Food Chem 47:4003-4008 (1999). 
19. Hernandez-Orte P, Cersosimo M, Loscos N, Cacho J, Garcia-Moruno E and 
Ferreira V, Aroma development from non-floral grape precursors by wine lactic acid 
bacteria. Food Chem Toxicol 42:773-781 (2009). 
20. Maicas S, Gil J-V, Pardo I and Ferrer S, Improvement of volatile composition of 
wines by controlled addition of malolactic bacteria. Food Chem Toxicol 32:491-496 
(1999). 
21. Bartowsky EJ, Costello PJ, Krieger S, Markides A, Leigh F and Travis B, Influ-
ence of malolactic fermentation on the fruity characters of red wine - Bringing wine 
chemistry and sensory together, in: Micro-organisms – malolactic fermentation. Confer-
ence Proceedings: International Intervitis Interfructa Congress, , Stuttgart, Germany 
(2010). 
22. Schneider A, Gerbi V and Redoglia M, A rapid HPLC method for separation and 
determination of major organic acids in grape musts and wines. Am J Enol Vitic 38:151-
155 (1987). 
23. Rapp A, Yavas I and Hastrich H, Einfache und schnelle Anreicherung 
("Kaltronmethode") von Aromastoffen des Weines und deren quantitative Bestimmung 
mittels Kapillargaschromatographie. DLR 90:171-174 (1994). 
24. Naes T, Isaksson T, Fearn T and Davies T, A user-friendly guide to multivariate 
calibration and classification. NIR Publications, Chichester, UK (2002). 
25. Bartowsky EJ, Costello PJ and McCarthy J, MLF-adding an 'extra dimension' to 
wine flavour and quality. Aust NZ Grapegrow Winemak 533a:60-65 (2008). 
Publications 
 
51 
 
26. Ugliano M and Moio L, Changes in the concentration of yeast-derived volatile 
compounds of red wine during malolactic fermentation with four commercial starter 
cultures of Oenococcus oeni. J Agric Food Chem 53:10134-10139 (2005). 
27. Boido E, Medina K, Faria L, Carrau F, Versini G and Dellacassa E, The effect of 
bacterial strain and aging on the secondary volatile metabolites produced during 
malolactic fermentation of tannat red wine. J Agric Food Chem 57:6271-6278 (2009). 
28. Pozo-Bayón MA, G-Alegria E, Polo MC, Tenorio C, Martin-Alvarez PJ, Cal-
vodelaBanda MT, Ruiz-Larrea F and Moreno-Arribas MV, Wine volatile and amino 
acid composition after malolactic fermentation: effect of Oenococcus oeni and Lactoba-
cillus plantarum starter cultures. J Agric Food Chem 53:8729-8735 (2005). 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
  
Publications 
 
52 
 
 
 
2.3 Cloning and characterisation of a cystathionine β/γ-lyase 
from two Oenococcus oeni oenological strains 
 
 
Knoll C, du Toit M, Schnell S, Rauhut D, Irmler S 
Applied Microbiology and Biotechnology, 89: 1051–1060 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Publications 
 
53 
 
 
Publications 
 
54 
 
 
Publications 
 
55 
 
 
Publications 
 
56 
 
 
Publications 
 
57 
 
 
Publications 
 
58 
 
 
Publications 
 
59 
 
 
Publications 
 
60 
 
 
Publications 
 
61 
 
 
Publications 
 
62 
 
 
Publications 
 
63 
 
 
 
Publications 
 
64 
 
 
Publications 
 
65 
 
 
Discussion 
 
66 
 
3 Discussion 
Various review articles have documented the oenological importance of MLF (Davis et 
al. 1985; Henick-Kling 1995; Versari et al. 1999; Liu 2002; Lonvaud-Funel et al. 2002; 
Bartowsky and Henschke 2004; Lerm et al. 2010). During this process L-malic acid is 
converted to L-lactic acid and CO2. There are three main reasons for conducting MLF in 
wine. Firstly, the deacidification of the wine, secondly, contribution to the microbial 
stability by the removal of malic acid as a possible carbon source and thirdly, the altera-
tion of the wine aroma profile (Volschenk et al. 2006).  
It can be conducted by a number of LAB occurring naturally in the must and wine flora. 
However, commercial available bacterial starter cultures (mostly O. oeni) are more and 
more used to improve and assure the success of MLF. These strains vary in their 
malolactic activity and growth characteristics. Sought-after attributes among strains 
include viability at low pH, resistance to high ethanol content and SO2, no production of 
biogenic amines or off-flavours and compatibility with yeast strains.  
There are a number of reports showing changes in the volatile aroma profile of wines 
after MLF, summarised by Lerm et al. (2010) and especially in warm climate regions, 
flavour changes from MLF are of greater importance to the winemaker than the acid 
reduction (Henick-Kling and Acree 1998). However, these studies were mostly con-
ducted in a synthetic model wine solution, in red wines (e.g. Merlot, Cabernet Sauvi-
gnon or Tannat) or in Chardonnay, being the main white cultivar used. Reports which 
investigated the impact of MLF in Riesling wines from cool climate regions are limited. 
 
The overall objective of this work was to address the impact of partial and complete 
MLF on the volatile aroma composition of white wines that were produced under small 
scale standardised experimental conditions. This is also the first study cloning and char-
acterising a cystathionine β/γ-lyase from two O. oeni oenological strains.  
The first aim was to investigate the influence of the stress factors pH and ethanol on two 
O. oeni strains and the volatile aroma composition of the white wines Riesling and 
Chardonnay. Currently, climate change and vinification practices frequently result in 
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wines with higher ethanol concentrations (> 13 % (v/v)) (Mira de Orduña 2010). A 
combination of inhibiting factors, such as pH and ethanol, may not only result in diffi-
cult MLF in hot climate regions in the future, but also in cool climate regions where 
moderately raised ethanol levels may lead to inhibition in conjunction with low pH val-
ues (Mira de Orduña 2010).  
The present study showed that the pH and ethanol content as well as the cultivar have a 
great impact on the success of MLF (Tables 2 and 3 in Paper 1) and the volatile aroma 
composition of the wines following MLF (Tables 4 and 5 in Paper 1). Moreover, the 
bacterial strains (O. oeni R1105 and R1106) used, differed with regard to their pH and 
alcohol optimum, thus strain R1105 exhibited better resistance to high ethanol content 
and low pH values. Ethanol content and low pH are crucial factors limiting bacterial 
growth (Henick-Kling 1993) and results of this work proved that MLF was concluded 
faster in the treatments with lower selective pressure.  
A pH value of 3.2 combined with 15 % (v/v) ethanol had the greatest inhibitory effect 
on the bacterial strains tested. This correlates with previous studies (Gockowiak and 
Henschke 2003; Solieri et al. 2010). Solieri et al. (2010) showed that low pH values are 
the most negative attribute influencing the malolactic activity. Gockowiak and Hen-
schke (2003) observed that pH in the range 2.9 – 3.5 had a generally large influence on 
bacterial viability and MLF, whereas alcohol concentration in the range of 12.5 to 
14.5 % (v/v) had a lesser impact. While a pH of 3.5 allowed MLF completeness by 
three of the four strains independently from ethanol content, pH values of 3.0 and 3.2, 
combined with 10 % and 13 % (v/v) ethanol respectively, were inhibitory for all tested 
strains (Solieri et al. 2010).  
Esterase activity of wine-associated bacterial strains is not well understood (Liu 2002) 
and it appears that their growth in grape juice and wine might modify the ester profile of 
wine (Matthews et al. 2004; Matthews et al. 2007; Sumby et al. 2009). Increases of ester 
concentrations in wine following MLF, including acetic acid ethylester, lactic acid 
ethylester, succinic acid ethylester (Maicas et al. 1999; Ugliano and Moio 2005), as well 
as decreases in some esters have been observed previously (Laurent et al. 1994; Bar-
towsky et al. 2008). Comparative studies concerning the influence of different LAB on 
the concentration of wine volatile aroma compounds often focus on selected groups of 
compounds whereas the cultivars tested are often red grapes. The present study focused 
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on white cultivars and levels of short-chain esters, such as lactic acid ethylester, acetic 
acid ethylester and succinic acid diethylester, presented higher concentrations after 
complete MLF but also in the wines with partial MLF. Lactic acid ethylester and acetic 
acid ethylester were quantitatively the predominant esters in all treatments (Tables 4 and 
5 in Paper 1).  
Bartowsky et al. (2010) observed changes in the volatile fermentation-derived com-
pounds at different wine pH (pH 3.3, 3.7) in red wines. A lower pH resulted in greater 
increases in total fruity esters which were reflected in sensorial analysis. In the present 
work, these observations were confirmed for the white wines, Riesling and Chardonnay 
(Figure 1 in Paper 1). At low pH (pH 3.2) greater increases of concentrations of e.g. 
lactic acid ethylester, propionic acid ethylester or succinic acid diethylester were de-
tected, while at the higher pH levels (pH 3.6, 3.8) increased contents of acetic acid            
3-methylbutylester or acetic acid phenylethylester were observed. Succinic acid di-
ethylester, associated with fruity and floral notes, contributes significantly to the wine 
aroma (Clarke and Bakker 2004) and previous studies reported an increase during aging 
(Jackson 2000). However, other authors have observed increased concentrations after 
MLF at wine pH 3.2 to 3.7, depending on the bacterial strain used (Davis et al. 1985; 
Herjavec et al. 2001; du Plessis et al. 2002; Ugliano and Moio 2005; Boido et al. 2009; 
Lee et al. 2009).  
In our study, the highest content of succinic acid diethylester was found in the wines 
with pH 3.2 and also in the wines with partial MLF where the bacterial population was 
still present at CFU/mL of 102 to 104. Generally, tendencies of decreasing ethyl – and 
acetate ester concentrations could be noted with increasing pH. The ethanol level of the 
wine on the other hand, seemed to have an impact on the concentration of hexanol or 
decanoic – and hexanoic acid ethylester for example.  
The production of other esters, which contribute to pleasant fruity notes, showed sig-
nificant differences after MLF depending on wine condition and strain. The total 
amounts of esters found after MLF in the Riesling and Chardonnay wines suggest their 
beneficial contribution to the wine’s final aroma. Overall the Chardonnay wines con-
tained higher total ester and higher alcohol concentrations than the Riesling wines.  
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Poor adaptation of the O. oeni population in the particularly difficult conditions of fer-
mentation due to the composition of these white wines led to a premature halt in MLF. 
However, bacterial populations between 102 and 104 CFU/mL were still present in these 
wines (Tables 2 and 3 in Paper 1).  
Results demonstrated that not only chemical reactions, but also enzymatic actions were 
present and contributed to the wine aroma, even if MLF was only partially conducted. 
Thus, it was noted, that for example Chardonnay and Riesling treatments, which have 
undergone only partial MLF, showed nevertheless increases in fruity esters such as ace-
tic acid ethylester or butyric acid ethylester. In the Riesling treatments with partial 
MLF, the terpenes trans-linalool oxide, cis-linalool oxide and α-terpineol were also pre-
sent at higher concentrations, especially at low pH (Table 4 in Paper 1). Ugli-
ano et al. (2003) also observed a significant increase in the concentration of total free 
terpenols at low pH. The latter authors noted that the hydrolysis of aroma precursors 
appeared to be strongly enhanced by the occurrence of MLF by comparing the fer-
mented with the unfermented samples which contained low concentrations of terpenols, 
probably as a result of slow acid catalysed hydrolysis. Also, Sefton (1998) reported that 
chemical acid hydrolysis is fairly slow under typical vinification conditions. The results 
of Hernandez-Orte et al. (2009) indicated that O. oeni and Lactobacillus strains were 
able to induce clear changes on the volatile profile derived from grape flavour precur-
sors in a model wine system, although only the O. oeni strains conducted MLF. They 
suggested that MLF metabolism may not be linked to the abilities of LAB to hydrolyse 
and release glycosidically bound aroma compounds.  
Medium chained fatty acids, such as decanoic acid, can affect bacterial growth (Lon-
vaud-Funel et al. 1988) and this negative impact is highly dependent on wine pH, with 
being more inhibitory at lower pH values (Alexandre et al. 2004). In addition to limiting 
bacterial growth, medium chain fatty acids can reduce the ability to catabolise malic 
acid (Capucho and San Romão 1994), which in turn leads to an increase of the duration 
of MLF (Lerm et al. 2010). The fatty acids act as protonophor and thereby diminish the 
transmembrane proton gradient which is essential for ATPase activity and transport of 
metabolites across the cell membrane (Capucho and San Romão 1994; Carreté et al. 
2002). According to a hypothesis of Bartowsky (oral presentation, WAC2011), longer 
chained acids may have an inhibitive impact on LAB, especially at low pH, therefore an 
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elevated ester metabolism may reflect a stress response, in order to gain a physiological 
advantage.  
 
The pH strongly affects the survival and the malolactic activity of O. oeni, especially in 
white wines with low pH values, successful MLF is often difficult to achieve. The next 
step in this work was to evaluate the impact of different inoculation strategies in Ries-
ling wine with high acidity on MLF and the volatile aroma composition.  
There are still contradictory opinions regarding the optimal inoculation time for MLF. 
Co-inoculation is often associated with antagonistic interactions between yeast and bac-
teria (Alexandre et al. 2004) or off-flavour production, such as excessive amounts of 
acetic acid (Henick-Kling 1993; Lonvaud-Funel 1999). On the other hand with consecu-
tive MLF, nutrient depletion and inhibiting ethanol concentrations display a harsh envi-
ronment for the bacterial flora.  
To our knowledge, the present study represents for the first time the impact of different 
bacterial inoculation timings on the MLF performance and the production of volatile 
aroma compounds in low pH Riesling must. The results proved that it is possible to in-
oculate the bacterial culture at different timings of AF without, on the one hand, inhibit-
ing AF or, on the other hand, causing the failure of MLF.  
However, pH values and the timing of bacterial inoculation were shown to be important 
for how rapidly MLF commences. These results are in agreement with a previous study 
(Rosi et al. 2003), carried out in a commercial white grape juice, reporting the possible 
inoculation with LAB at the beginning, middle, and end of AF without slowing down or 
inhibiting AF or causing failure of MLF. Yet, at pH 3.2 a lowering of bacterial viability 
was observed (Rosi et al. 2003). 
In comparison to the consecutive treatments, bacterial inoculation 24 h after yeast addi-
tion or at 60 % of AF, proved to be a better option to overcome inhibiting low wine pH 
and high ethanol content in the present study.  
The co-inoculation at 40 % of AF seemed to be a less optimal inoculation point during 
AF, as the pH of the fermenting must was further reduced as a result of acid production 
by yeast metabolism (Table 1 in Paper 2). Similar observations were made by 
Rosi et al. (2003). These authors suggested that at the halfway stage of AF, the antago-
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nistic effect of yeast toward bacteria may be strongest due to SO2 accumulation, ethanol 
or acid production as well as other toxic metabolites and it cannot be guaranteed that the 
bacteria can defeat this antagonism.  
In the present study MLF was concluded in all treatments and a general reduction in 
total fermentation time could be achieved using simultaneous inoculation techniques. 
The time gained ranged between 25 and 50 days, depending on the bacterial strain and 
inoculation time used. A reduction on total fermentation time allows earlier and imme-
diate downstream treatments such as racking, fining, and SO2 addition, thus increasing 
microbial stability and processing efficiency. However, when O. oeni R1124 was used, 
the length of MLF itself in the treatments with simultaneous inoculation was similar or 
longer than their respective sequential treatment. O. oeni R1105, on the other hand, car-
ried out MLF faster in the simultaneous treatments than in the consecutive ones and was 
generally less inhibited by the low pH than R1124. O. oeni R1124 seems to be better 
suited for a sequential MLF, while strain R1105 can be used for both, co-inoculation 
and sequential MLF. The same strain tendencies were observed in other studies con-
ducted in red wine (personal communication Krieger-Weber, 2011). 
Wine chemical composition plays an important role in the metabolism of O. oeni during 
MLF. At lower wine pH (pH <3.5), it will metabolise organic acids in preference to 
sugars to gain energy (ATP) (Ribéreau-Gayon et al. 2006). Conversely, at higher wine 
pH (pH >3.7), O. oeni will preferentially metabolise sugars which may lead to a higher 
increase of volatile acidity (Bartowsky et al. 2010). The benefits and risks of sequential 
and simultaneous AF / MLF remain controversial. No negative effect on final wine 
quality could be substantiated in this study.  
It was suggested that simultaneous inoculation of yeast and bacteria could result in in-
creased concentration of acetic acid produced by LAB in the presence of available sug-
ars in the must (Davis et al. 1985). In the co-inoculation treatments, levels of acetic acid 
never exceeded 0.7 g/L, considering that the wines without bacterial inoculation con-
tained levels between 0.5 and 0.8 g/L. This confirmed the results of other studies (Se-
mon et al. 2001; Jussier et al. 2006; Massera et al. 2009), demonstrating the possibility 
of simultaneous fermentation without excessive increase of volatile acidity. 
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Most investigations on simultaneous inoculation, evaluated yeast-bacteria-interactions 
and focused mainly on acetic acid and diacetyl production (Semon et al. 2001; Rosi et 
al. 2003; Jussier et al. 2006). However, little is known about the impact of simultaneous 
inoculation on the production of volatile aroma compounds. Based on sensorial data it 
was suggested that Chardonnay (Jussier et al. 2006), Malbec (Massera et al. 2009) and 
Shiraz wines (Bartowsky et al. 2002) fermented with co-inoculation tend to be fruitier 
than the wines with sequential inoculation.  
In the present work, the Riesling wines with sequential inoculation contained the lowest 
concentration of acetate and ethyl esters, most notably due to lower concentrations of 
acetic acid phenylethylester, acetic acid 3-methylbutylester, butyric acid ethylester, lac-
tic acid ethylester and succinic acid diethylester (Table 3 in Paper 2). This might poten-
tially result in a reduction of the fruitiness of the wines. The treatments with the 24 h 
co-inoculation exhibited the highest content of fruity ethyl esters. Additionally, changes 
in the ester profile were affected by the bacterial strain used. For example, O. oeni 
R1105 tended to produce more lactic acid ethylester, which is associated with fruitiness, 
milky notes and an increased mouthfeel. Strain dependency was also observed in the 
previous experiment and by other authors (Delaquis et al. 2000; Pozo-Bayón et al. 2005; 
Ugliano and Moio 2005; Boido et al. 2009).  
Comparison of fermentation-derived compounds from treatments with simultaneous and 
sequentially inoculated MLF, has illustrated that the profiles of the wines produced, 
were very different as a result of the MLF inoculation regime and O. oeni strain. The 
profiles of fermentation-derived compounds of the wines that conducted MLF are 
clearly distinguishable from those that did not. In addition, wines with complete MLF 
could be clearly separated according to the inoculation timing and could be distin-
guished from the wine without MLF. Also, the treatments inoculated for MLF at 24 h 
and 40 % of AF could be further separated according to the bacterial strain used.  
 
Another important group of volatile aroma compounds in wine are VSC. These potent 
flavour components occur at very low concentration, have very low sensory threshold 
values, and are usually associated with negative odours such as ‘cabbage’, ‘rotten egg’, 
‘onion’ or ‘rubber’ (Rauhut 1993; Mestres et al. 2000). The only extensive research on 
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sulphur metabolism has been carried out on the enzymes produced in dairy-associated 
LAB (Weimer et al. 1999; Seefeldt and Weimer 2000; Yvon and Rijnen 2001; van 
Kranenburg et al. 2002).  
Pripis-Nicolau et al. (2004) investigated for the first time the methionine catabolism of 
O. oeni under vinification conditions. The latter authors noted an increased concentra-
tion of 3-(methylsulphanyl) propionic acid, associated with chocolate and roasted 
odours, in red wines following MLF. Moreover, no off-flavour compounds like 
methanethiol and dimethyl disulphide could be detected in the wines following MLF. 
This is in accordance with the present study.  
Nevertheless, knowledge of the mechanisms involved in the production of VSC in 
O. oeni and the genes encoding the participating enzymes, is critical to enhance the un-
derstanding of how bacteria impart their impact during vinification.  
The available genomic information provides additional possibilities to study the fla-
vour-forming potential of LAB. But, biochemical methods are necessary to investigate 
enzymatic function, substrate specificity and the activity of the genes of interest.  
Since methionine and cysteine are generally present in only limited quantities in wine, 
the formation of VSCs will depend on both the biosynthesis and catabolic pathways of 
methionine and cysteine. However, the metabolism of sulphur-containing amino acids is 
diverse, especially considering the existence of multiple alternative pathways as well as 
several possible chemical reactions which also can contribute to VSC formation.  
This work identified an enzyme that degrades sulphur-containing amino acids from two 
O. oeni strains of oenological origins. The genes encoding a cystathionine lyase were 
highly conserved among three compared O. oeni strains (Online Source 1 in Paper 3).  
Applying comparative sequence analysis, Liu et al. (2008) revealed that genes encoding 
cystathionine lyases fall into two distinct families named CBL/CGL and CBL, which 
share little sequence similarity. The in silico translation of cgl of O. oeni was compared 
with other known and predicted CBL/CGL sequences using NCBI protein blast.  
Besides being nearly identical with the CGL (OEOE_1758) of O. oeni PSU-1, it showed 
73 % identity with the CBL/CGL of L. salvarius UCC118 and ATCC 11741; 72 % with 
the CGL of L. reuteri DSM 20016, and 70 % with L. fermentum ATCC 14931. Fur-
thermore, it showed 67% identity with Ctl1 of L. casei FAM18168 67% with Ctl2 of L. 
Discussion 
 
74 
 
casei FAM18108, 60% with MetC of L. lactis subsp. cremoris SK11, and 55% with 
YrhB of Bacillus subtilis str. 168.  
The latter four genes also belong to the CBL/CGL family and have experimentally been 
shown to encode a cystathionine lyase exhibiting dual CBL/CGL activity.  
Probably all enzymes belonging to “CBL/CGL” may display a mixture of cystathionine 
β- and γ-lyase activities (Liu et al. 2008). It implies that LAB enzymes in this subcluster 
could have either solo CGL activity or a dual CBL/CGL activity (Liu et al. 2005).  
In this study, the gene product of cgl also showed dual CBL/CGL. It has features of a 
cystathionine-γ-lyase (EC 4.4.1.1), a pyridoxal-5-phosphate-dependent enzyme catalyz-
ing an α,γ-elimination reaction of L-cystathionine to produce L-cysteine, α-ketobutyrate 
and ammonia. Moreover, it was able to catalyse an α,β-elimination reaction producing 
homocysteine, pyruvate and ammonia from L-cystathionine. An elimination reaction of 
L-cysteine and DL-homocysteine was also efficiently catalysed by the enzyme, resulting 
in the formation of hydrogen sulphide. However, the enzymes exhibit cystathionine γ-
synthase activity when O-succinyl-L-homoserine and L-cysteine are present. This attrib-
ute has also been reported for MetB of Lactobacillus casei (Irmler et al. 2008) and was 
found for Ctl1 (S. Irmler, personal communication). Furthermore, the ability to deme-
thiolate methionine into methanethiol, an unfavourable volatile sulphur compound in 
terms of wine aroma, was observed. The amount produced, was considerably higher 
than its formation without the enzyme.  
Based on these findings, we propose that cgl of O. oeni is involved in the transsulphura-
tion pathways of cystathionine, cysteine, homocysteine and methionine (Figure 5 in 
Paper 3). In our study, ethanol contents up to 15 % (v/v) had no impact on the activity 
of the purified enzymes (Online Source 4 in Paper 3). Moreover, the enzymes were sta-
ble at temperatures suitable for the wine production and storage (Online Source 3 in 
Paper 3). By using L-cystathionine as substrate, the enzyme activity was highest at pH 
8.0 (Online Source 2 in Paper 3). No activity was observed at a pH below 6.5. In con-
trast, L-methionine was degraded at pH 5.5 and 6.  
It was shown that an addition of cysteine and glutathione to a wine after alcoholic fer-
mentation can promote the growth of LAB and MLF (Rauhut et al. 2004); however, this 
effect seemed to be influenced by the substrate concentration and by the general nutrient 
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composition of the wine (Rauhut et al. 2004). Furthermore, Rauhut et al. (2008a; 2008b) 
observed that the catabolism of methionine to VSC was affected by the pH of the me-
dia.  
Yet, an increased production of VSC by O. oeni was only observed at substrate concen-
trations far over the usual content found in wine after alcoholic fermentation (Pripis-
Nicolau et al. 2004; Rauhut et al. 2008a; Rauhut et al. 2008b). Since free sulphur-
containing amino acids are usually deficient in wine, production of these enzymes in 
oenococci would be suppressed in the wine environment, thus their contribution to VSC 
is probably minimal. It was proposed that other factors such as the chemical or bio-
chemical transformation of other volatile or non-volatile sulphur precursors in wine may 
be the reason for ‘reductive’ sulphur off-flavours which occur occasionally in wines 
following MLF (Rauhut 2009). 
 
Due to its complex nature, wine is subject to permanent changes in composition and 
therefore there is an invaluable role for continuing investigations into causes and inter-
actions that result in increases of desirable and undesirable wine flavours.  
While grape juice is the origin, it is the metabolism of grape compounds by yeast and 
bacteria that is essential for the development of wine flavour (Bartowsky and Pretorius 
2009).  
This work has sought to provide new knowledge of bacterial and chemical interactions 
that contribute to the flavour and quality of Riesling and Chardonnay wines. This re-
search provides information which is both of fundamental and industrial importance and 
proves that MLF is more than deacidification. 
It is evident that modifications in flavour profiles during MLF are not only dependent 
on the bacterial strain conducting MLF, but also on the grape cultivar, the chemical 
composition of the wine (especially pH and ethanol content), as well as the timing of 
inoculation. LAB strains used in the study responded differently to the wine conditions, 
suggesting that LAB vary in tolerance to various stresses in the wine environment. This 
phenotypic variability is linked to genotypic differences (Bridier et al. 2010). They may 
be characterised by the presence or absence of some genes (Renouf et al. 2008) which 
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could be implicated in the response to environmental stress or by the variation in gene 
expression (Beltramo et al. 2006; Olguín et al. 2010).  
Although, the strains used in this work, revealed differences in their fermentation rate, 
in the production of volatile aroma compounds and e.g. in the citric acid consumption, 
they exhibit consistent characteristics and can be used to enhance the fruitiness of white 
wines. It was also observed, that not each O. oeni strain can be used as ‘all in one solu-
tion’, but has to be carefully selected according to wine chemical composition and in-
oculation scenario.  
Results indicate that even partial MLF has distinct influences on the aroma profile. In 
addition, it was observed that the impact of simultaneous inoculation on the fermenta-
tion success and on the final wine was not negative to the quality. Applying a co-
inoculation protocol may offer microbiological, technological and sensorial advantages, 
especially in low-pH, cool-climate white musts with potential high ethanol content.  
Research has shown that LAB possess a broad range of ester synthesising and hydrolys-
ing abilities, many of which may affect wine composition and organoleptic properties. 
A better understanding of these bacterial activities is of great interest, as new techniques 
for altering wine aroma could be developed.  
Future research will also benefit from a complete sensorial evaluation including descrip-
tive analysis, which will further enhance the knowledge available on the aroma modifi-
cations associated with MLF.  
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4 Summary 
Malolactic fermentation (MLF) is a biochemical process typically occurring in the vini-
fication process after completion of alcoholic fermentation (AF), consisting of the con-
version of L-malic acid into L-lactic acid and CO2. It can be conducted by different spe-
cies of lactic acid bacteria (LAB), among which Oenococcus oeni is the most often as-
sociated with MLF in the harsh wine environment due to its tolerance and adaptation to 
high acidity and alcohol contents in wine. Various stress factors in wine such as low pH 
and high ethanol concentrations affect the growth of LAB or their metabolic properties 
and consequently the timely completion of MLF. 
The overall objective of this work was to address the impact of partial and complete 
MLF on the volatile aroma composition of white wines. The first aim was to investigate 
the influence of the stress factors pH and ethanol on two O. oeni strains and the volatile 
aroma composition of white wines from the grape varieties Riesling and Chardonnay.  
It was demonstrated that the wine matrix as well as the pH and alcohol concentration 
affect MLF and the final volatile aroma profile. Results indicate that changes in the 
volatile aroma composition are not necessarily related to complete MLF and that even 
partial MLF has distinct influences on the wine aroma profile of white wines.  
The next step in this study was to evaluate the impact of four different inoculation 
strategies in Riesling wine with high acidity on MLF and the volatile aroma composi-
tion. Treatments with simultaneous inoculation showed a reduced total fermentation 
time (alcoholic and malolactic) compared to the sequential inoculations. It was observed 
that simultaneous alcoholic and malolactic fermentation had no negative impact on fer-
mentation success and on the final wine volatile aroma composition. Compared to se-
quential inoculation, wines with co-inoculation tended to have higher concentrations of 
ethyl and acetate ester which may result in fruitier wines.  
This is also the first study cloning and characterising a cystathionine β/γ-lyase from two 
O. oeni oenological strains. Biochemical characterisation led to the conclusion that the 
enzyme is a multifunctional pyridoxal-5'-phosphate (PLP)-dependent enzyme that on 
the one hand degrades cystathionine by an α,β- and an α,γ-elimination reaction and on 
the other hand exhibits cystathionine γ-synthase activity when O-succinyl-L-homoserine 
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and L-cysteine are present. Furthermore, the ability to demethiolate methionine into 
methanethiol, an unfavourable volatile sulphur compound in terms of wine aroma, was 
observed.  
The present study has highlighted the role of O. oeni in the modification of wine vola-
tile aroma compounds and the impact of pH, ethanol and wine matrix on its metabolic 
activity.  
It was shown that changes of the wine aroma profile during MLF can be affected by the 
bacterial strain and the MLF inoculation regime as well as the grape cultivar or chemi-
cal wine composition. A better understanding of these bacterial activities is of great in-
terest, as it could lead to the development of new techniques for altering the aroma of 
wine. 
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5 Zusammenfassung 
Die malolaktische Fermentation (MLF), auch als biologischer Säureabbau bezeichnet, 
ist ein biochemischer Prozess, der im Wein in der Regel nach der alkoholischen Gärung 
stattfindet. Bei der malolaktischen Fermentation wird L-Äpfelsäure unter Energiege-
winnung zur schwächeren L-Milchsäure decarboxyliert. Mehrere Gattungen von Milch-
säurebakterien können eine MLF durchführen, Oenococcus oeni ist jedoch die am bes-
ten an das Weinmedium angepasste Bakterienspezies. Verschiedene, im Wein vorkom-
mende Stressfaktoren, wie z. B. niedrige pH-Werte und hohe Alkoholgehalte, beeinflus-
sen das Bakterienwachstum, ihre Stoffwechselprozesse sowie die zeitige Beendigung 
der MLF. 
Das übergreifende Ziel dieser Arbeit war es, die Auswirkung einer partiellen und voll-
ständigen MLF auf das Aromaprofil von Weißweinen zu untersuchen.  
Zunächst wurde der Einfluss zweier Stressfaktoren (pH-Wert und Alkoholgehalt) auf 
zwei O. oeni Stämme und die Bildung flüchtiger Aromastoffe in Weißweinen der Reb-
sorten Riesling und Chardonnay geprüft. Die Ergebnisse dieser Studie zeigten, dass der 
pH-Wert und der Alkoholgehalt des Weines sowie die Rebsortenmatrix den Verlauf der 
MLF und die Bildung flüchtiger Aromastoffe des Weines deutlich beeinflussen. Auch 
wurde deutlich, dass schon eine partielle MLF Auswirkungen auf das Aromaprofil hat.  
Anschließend wurden vier unterschiedliche Beimpfungzeitpunkte für die MLF in Ries-
ling-Weinen mit hohen Säurewerten untersucht. Im Vergleich zur sequentiellen Inokula-
tion, konnte mit einer simultanen Beimpfung eine Reduzierung der gesamten Gärdauer 
erreicht werden. Die simultane MLF hatte keinen negativen Einfluss auf das 
Aromaprofil der Weine und zeichnete sich durch erhöhte Esterkonzentrationen aus.  
Zusätzlich ist dies auch die erste Studie, die über eine Klonierung und Charakterisierung 
einer Cystathionin-β/γ-Lyase zweier O. oeni Stämme berichtet. Bei dem identifizierten 
Enzym handelt es sich um ein Pyridoxalphosphat (PLP)-abhängiges Enzym, das einer-
seits die Fähigkeit besitzt, Cystathionin durch eine α,β- und eine α,γ- Eliminations-
Reaktion abzubauen. Anderseits weist dies in Gegenwart von O-Succinyl-L-Homoserin 
und L-Cystein eine Cystathionin γ-Synthase -Aktivität auf. Darüber hinaus besitzt es die 
Eigenschaft, Methionin zu Methanthiol zu demethylieren. 
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Diese Arbeit zeigt den Einfluss von O. oeni auf das Aromaprofil im Wein in der Ab-
hängigkeit von pH-Wert, Alkoholgehalt und Weinmatrix.  
Die Ergebnisse weisen darauf hin, dass die Produktion von flüchtigen Aromastoffen, 
durch Bakterienstamm, Beimpfungszeitpunkt, Rebsorte und chemische Zusammenset-
zung des Weines beeinflusst wird. Erkenntnisse über Bakterienstoffwechsel-Aktivitäten 
sind von großer Bedeutung, da sie dazu dienen können, neue Techniken zu entwickeln, 
die das Weinaroma posititv verändern. 
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8 Addendum B 
 
Sensorial aspects of malolactic fermentation in white wines – 
Human nose versus electronic nose 
 
Abstract  
Wine is primarily described according to its ‘bouquet’ and to the odour/aroma element 
of its flavour on tasting (Clarke and Bakker 2004). Malolactic fermentation (MLF) has 
been shown to modify the wine aroma profile and the sensory impact of the compounds 
formed during this process, consequently effect the consumer perception of the wine.  
Electronic noses offer an additional technique for analysing aroma and are complemen-
tary to sensory analysis. The main difference between the human and electronic nose is 
that the latter is not able to define what the complex aroma is or whether it is acceptable 
to the human (Hodgins 1997).  
This preliminary study describes the influence of two O. oeni strains on the sensory 
characteristics of experimentally produced white wines (German Riesling and South 
African Chardonnay) through descriptive analysis. In addition, for comparison, a com-
bination of a mass spectrometry (MS)-based electronic nose (SmartNose®) and 
chemometrics was explored, to classify the wines according to bacterial strain used. 
Moreover, the electronic nose was tested to assess, if it can assist in determining the 
relationship between the chemical composition and sensory characteristics of the wine. 
Sensory properties observed in relation to specific bacterial strains used, were found to 
vary between the Riesling and Chardonnay wines, as well as between the different pH 
levels. Results indicate that the differences were perceived in terms of aroma and of 
mouthfeel. 
Preliminary results obtained with the electronic nose, showed that a combination of both 
MS-based electronic nose data and chemometrics methods could not always provide 
acceptable discrimination between the samples.  
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This study illustrates the impact of O. oeni starter cultures on the wine aroma and high-
lights the importance of strain selection.  
 
Materials and methods 
Wines 
The Riesling wines from the harvest season 2008 (Rheingau wine region, Germany) and 
the Chardonnay wines from 2009 originating from Paarl wine region (South Africa) 
were used for a first sensorial evaluation and a preliminary analysis with an electronic 
nose. The preparation of the wines is further described in chapter 2.1.  
Only the wines with 12.5 % (v/v) were used for the evaluations. The Riesling wines 
with pH 3.2 were also excluded from the evaluations, because of the stuck MLF in the 
wine inoculated with O. oeni R1106.  
 
Two different O. oeni strains were used for MLF and the sensory attributes of these 
starter cultures, as described by the specific manufacturers, are listed in Table 1. 
 
Table 1. Sensory attributes of the bacterial cultures according to the manufacturer. 
O. oeni strain  Sensory contribution description in brief 
R1105 Enhances complexity and mouthfeel 
R1106 Activity and varietal aroma 
 
Sensory evaluation procedure 
Quantitative descriptive analysis was used to measure the intensity of specific sensory 
attributes. Each wine was evaluated according to five descriptors (Table 2), where each 
descriptor was rated on an intensity scale from low to high. A card of the descriptors 
was present at each tasting. 
All wines were tasted at room temperature of approximately 20 ºC and were evaluated 
by sniffing and tasting. The wines were served in clean, dry ISO wine glasses and cov-
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ered with Petri dishes in order to retain their aroma. Water and biscuits were given to 
the judges to refresh their mouth between the wines. Each sample had a two or three 
digit randomised code which corresponded with the tasting sheet. 
 
Sensory panel 
An informal preliminary tasting of the Riesling wines which completed MLF was car-
ried out by a panel consisting of eleven members (post-graduate students and staff 
members from the Department of Microbiology and Biochemistry, Research Center 
Geisenheim, Germany).  
 
An informal tasting of the Chardonnay wines which completed MLF was carried out by 
a panel consisting of nine members (lecturers and post-graduate students from the De-
partment of Viticulture and Oenology and the Institute for Wine Biotechnology, Stel-
lenbosch University, S.A.). The descriptive intensity test was performed in triplicate.  
 
Table 2. Definitions of the five attributes used in the sensory evaluation of the wines. 
Attributes  Definitions 
Buttery/ Yoghurt Clean, fatty, mild flavour of fresh butter and cream. Butter flavoured popcorn. 
Fruity A mixture of non-specific fruits such as berries (strawberries, raspberries, black 
currants) or tropical fruits. 
Mouthfeel The overall texture, smoothness or weight of wine in the mouth. 
Reduced, reductive Aromas associated with sulphur compounds that are reminiscent of skunk, rub-
ber, rotten egg, cooked cabbage and onion. 
Rancid yoghurt, 
cheese 
At extreme levels yoghurt, sour cream and rancid butter or cheese aromas. 
 
MS-based electronic nose 
Moreover, an MS-based electronic nose (SMartNose®) was tested according to Irmler 
et al. (2006) with following modifications: volatile aroma compounds were extracted by 
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an INDEx- (Inside Needle Extraction) device filled with Tenax as adsorptive material. 
Mass spectra were recorded from m/z 10 to 160.  
 
Analysis of data 
Multivariate statistical analysis was performed to evaluate the results obtained with the 
electronic nose, using The Unscrambler software (version 9.2, CAMO ASA, Norway). 
The PanelCheck software (version 1.3.2, Nofima, Norway) was used to evaluate panel 
performance.  
Principal component analysis (PCA) was used to investigate the distribution of the wine 
samples relative to each other based on their sensory attributes. 
 
Results and discussion 
An initial preliminary descriptive tasting was done, in order to evaluate whether sensory 
differences could be perceived between the control wine (wine without MLF) and a 
MLF wine, fermented with different O. oeni strains. Results of the tasting were ana-
lysed with the program PanelCheck V1.3.2 to determine whether the panel could dis-
criminate between the different treatments. PCA was performed on the standardised 
data of the tasting. 
 
Riesling wines 
Differentiation in the perceived sensory properties of the two different bacterial strains 
used in the Riesling wines with pH 3.6 and 3.8 is evident from the PCA biplot and spi-
der plot results shown in Figures 1 and 3. The control sample without MLF was in all 
cases strongly correlated with fruitiness. O. oeni R1105 separated towards buttery, but 
also rancid yoghurt aroma attributes, while R1106 was correlated with a greater mouth-
feel and more reductive flavours.  
The SmartNose® on the other hand was not able to clearly distinguish between the wine 
samples (Figure 2 and 4). A better separation of the bacterial strains used, could be 
achieved in the wines with pH 3.6 than in the wines with pH 3.8. 
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tional studies are needed in order to improve the method specificity and accuracy and to 
extend the discrimination to other cultivars or bacterial starter cultures.  
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